D
uring an investigation with a Canon R-1 autorefractor, we learned that the fluctuation patterns of accommodative response, which changed from moment to moment, were influenced by closing the fellow eye. Therefore, we suspected that accommodative response during binocular accommodation depended on the interaction of one eye's refraction with its fellow eye's refraction. [1] [2] [3] [4] [5] [6] [7] However, we had no means of verifying this phenomenon. By improving the PR-1100 refractometer, the recording of the binocular accommodative response became possible, as indicated in a previous paper. 8 In that paper, we reported that the majority of bilateral emmetropes showed with-the-rule astigmatism and lag of accommodation in the horizontal meridian with accommodation.
In this paper, we report data for ametropes. In binocular accommodation, changes of astigmatism contribute to changes in the magnitude of anisometropia. This might contribute to the development and maintenance of binocular vision.
MATERIALS AND METHODS

Instrument
We used an improved PR-1100 photorefractometer for this experiment. The PR-1100 was developed using the principle of photorefraction 9 and introducing a diffuse light source and a knifeedge to measure binocular refraction objectively in all meridians simultaneously. Dichroic mirrors were added for this experiment to present an accommodative stimulation target on the instrument's optical axis. The error caused by a subject's convergence, which results in a subject's visual axis being noncoincidental with the optical axis of the PR-1100, was evaluated by computer simulation as producing 0.18 D against-the-rule astigmatism. This is described in detail in a previous paper. 8 
Subjects
The subjects were selected from a group of 2486 elementary, junior high, high school, and women's university students, aged from 12 to 26 years. Of this total, 259 were selected for having at least 5/5 (20/20) best-corrected visual acuity, orthophoria, normal binocular function, intact ocular media, and intact ocular fundus. The protocol for the subjects was described in a previous paper. 8 From the 259 subjects, 15 subjects with binocular emmetropia were excluded (subjects from the previous paper), and for 9 subjects, there was insufficient data. The remaining 235 students with ametropia are the subjects of this paper.
Measurement
When the subjects were instructed to fix their eyes on the target (having a visual angle of 10°) placed at 5 m, three consecutive measurements were taken with the improved PR-1100. Then the target was changed to a distance of 0.5 m (having a visual angle of 10°), and again the three measurements were taken. As the targets, stuffed bears (a three-dimensional target) of a popular Japanese cartoon character were used. In our previous studies, we found that this three-dimensional target could produce accommodative response patterns with relatively minor fluctuations compared with a flashlight or a Landolt ring (a two-dimensional target).
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Classification of Subjects
Based on refraction for the 5-m target, the subjects were divided into three categories: outside, intersect, and inside. The outside subjects were defined as those with all their retinal conjugate points, 10, 11 F1 and F2 (as shown in Fig. 1 ) of both right and left eyes, located farther than 0.5 m (corresponding to the accommodative stimulus in this paper). The inside subjects had F1 and F2 of both eyes nearer than the 0.5 m. Other subjects were categorized as the intersect group, whose retinal conjugate points were both farther and nearer than or exactly at 0.5 m.
Astigmatism
Typically, with-the-rule astigmatism, against-the-rule astigmatism, and oblique astigmatism are defined as having the greatest refractive power between 60°and 120°; between 0°and 30°or between 150°and 180°; and between 30°and 60°or between 120°a nd 150°; respectively. 12 Of the subjects studied, only a few percent had oblique astigmatism. Therefore, we classified the subjects as with-the-rule or against-the-rule according to whether their greatest power lay closer to 90°or 180°.
The degree of astigmatism was calculated using an equation that subtracts the refraction in the horizontal meridian from the refraction in the vertical meridian. In this equation, with-the-rule astigmatism is expressed as positive values, and against-the-rule astigmatism is expressed as negative values.
Degree of Anisometropia
In the strict meaning of isometropia, the retinal conjugate points of both eyes' mutual corresponding principal meridians are the same. Thus most of the subjects have some degree of anisometropia. To express the magnitude of anisometropia 13, 14 both with and without astigmatism, we now introduce a new index of anisometropia as the concept of the overlapping of both eyes' astigmatic intervals (interval of Sturm in Fig. 2 ) in an optical object space and name it "degree of anisometropia." Overlapping areas are expressed by plus diopters. In the case of no overlap, the nonoverlapping area is expressed by minus diopters (Fig. 3) . Thus, true isometropia would be expressed as zero, and positive and negative values express low and high magnitude of anisometropia, respectively.
In introducing the degree of anisometropia, all subjects were divided into either an "overlapping group" or a "nonoverlapping group," as shown in Fig. 3 . The subjects with a zero value when focusing at 5 m, the strict meaning of isometropia, were included in the overlapping group, and each case of strict isometropia was plotted on the horizontal or vertical axes in all six graphs in Fig. 4 .
RESULTS
The outside subjects (N ϭ 109; range of refraction, ϩ3. . The variances in the set of three refractions for each subject showed no significant differences among the above six groups (analysis of variance, p ϭ 0.659).
FIGURE 1.
Classification of subjects. According to the data taken when fixing at 5 m, all subjects were classified into three categories: outside, intersect, and inside subjects. The outside subjects were defined as those with all their retinal conjugate points, F1 and F2 of both right and left eyes, located farther than 0.5 m (corresponding to the accommodative stimulus in this paper). The inside subjects had their F1 and F2 of both eyes nearer than 0.5 m. The intersect group had retinal conjugate points that were both farther and nearer than or exactly at 0.5 m.
FIGURE 2.
Retinal conjugate points of an eye. The distance between F1 (retinal conjugate point in first principal meridian) and F2 (retinal conjugate point in second principal meridian) is defined as the interval of Sturm in the image space of the eye's optical system. Between the horizontal and the vertical meridians, all grouped subjects had statistical differences (paired t-test, p Ͻ 0.001 for all). Therefore, in the outside subjects, lag of accommodation distinctly occurred in the horizontal meridian. For clarifying inside subjects' behavior, two-way analysis of variance was used on the three measurements between focusing at 5 m and 0.5 m in each horizontal and vertical meridian. Statistical differences were found between focusing at 5 m and focusing at 0.5 m on both horizontal (p Ͻ 0.001) and vertical (p Ͻ 0.001) meridians.
Based on the data from refractions, the changes of astigmatism from focusing on the 5-m target to focusing on the 0.5-m target were as follows: the outside subjects showed the change from ϩ0. The degree of anisometropia when subjects focused on the 0.5-m target were as follows: in the outside subjects, the mean anisometropia changed from ϩ0.29 D (focusing at 5 m, described above) to ϩ0.42 Ϯ 0.62 D and from Ϫ0.78 to ϩ0.10 Ϯ 1.12 D in the overlapping group and the nonoverlapping groups, respectively. In the intersect subjects, it changed from ϩ0.56 D to ϩ0. Degree of anisometropia. The overlapped intervals of Sturm of both the right and left eyes are expressed by a positive dioptric value. These subjects belong to the overlapping group. In this expression, a strict isometropia is expressed as a zero value. Necessarily, the other subjects with clear distance between one eye's F1 and the fellow eye's F2 are classified as the nonoverlapping group. The distance is expressed by a negative dioptric value.
FIGURE 4.
Changing degree of anisometropia between focusing at 5 m and at 0.5 m. Six graphs express outside, intersect, and inside subjects in horizontal rows and overlapping and nonoverlapping groups in vertical columns. In each graph, the abscissa and ordinate express degree of anisometropia (in diopters) when a fixation target was presented at 5 and 0.5 m, respectively. The positive area shows overlapped degree, and the negative area shows nonoverlapped degree. The three percentages from top to bottom in the upper right corner of each graph show the percentage of subjects plotted above, on, and below the 45°line, respectively. Accommodation in Uncorrected Ametropia- Tsukamoto et al. 765 0.001) subjects of the nonoverlapping group (paired t-test). The differences were not significant for the other groups (p ϭ 0.089, 0.560, 0.628, and 0.157 for outside, intersect, and inside subjects of the overlapping and inside subjects of the nonoverlapping groups, respectively).
These findings are summarized in Figs. 4 and 5. The changes of astigmatism (Fig. 5 ) and the degree of anisometropia (Fig. 4) between focusing at 5 m (on the abscissa) and focusing at 0.5 m (on the ordinate) are plotted for each of the overlapping and nonoverlapping groups of the outside, intersect, and inside subjects. The data points on the 45°line show no change in amount of the values between focusing at the 5-m target and focusing at the 0.5-m target. In Fig. 5 , the points above the 45°line show an increase in the amount of with-the-rule astigmatism. More specifically, in the first quadrant, with-therule astigmatism simply increases; in the second quadrant, againstthe-rule astigmatism changes to with-the-rule astigmatism; and in the third quadrant, against-the-rule astigmatism decreases as a result of more accommodative response (change of refraction) in the vertical meridians than in the horizontal meridians. The data shown below the 45°line represent a decrease in the amount of with-the-rule astigmatism, that is to say, an increase in against-the-rule astigmatism. More specifically, in the first quadrant, with-the-rule astigmatism simply decreases; in the third quadrant, against-the-rule astigmatism increases; and in the fourth quadrant, with-the-rule astigmatism turns into against-the-rule astigmatism as a result of more accommodative response (change of refraction) in the horizontal meridians than in the vertical meridians.
For the outside subjects, 63% of the overlapping group fell above the 45°line, 6% on the line, and 31% below the line. The nonoverlapping group had 68% above the 45°line, 10% on the line, and 22% below the line. Approximately two-thirds of both the overlapping group and the nonoverlapping group were above the 45°line, and one-third was below the line. In terms of the change of astigmatism with accommodation (referring to which meridian shows stronger refractive change between the two principal meridians), statistically, the overlapping group and the nonoverlapping group in the outside subjects were classified in the same category (p ϭ 0.256, 2 test). Intersect subjects showed 58% and 77% above the 45°line, 4% and 4% on the line, and 38% and 19% below the line in the overlapping group and the nonoverlapping group, respectively. Their statistical independence was subtle (p ϭ 0.011, 2 test). Inside subjects showed 57% and 55% above the 45°line, 17% and 21% on the line, and 27% and 24% below the line in the overlapping group and the nonoverlapping group, respectively. They were not statistically different (p ϭ 0.730, 2 test). Outside subjects and intersect subjects were not statistically different in the overlapping group (p ϭ 0.517, 2 test) and in the nonoverlapping group (p ϭ 0.187, 2 test). On the contrary, the inside subjects in both the overlapping group (p ϭ 0.007, 2 test) and the nonoverlapping group (p ϭ 0.0004, 2 test) were statistically different from the outside and the intersect subjects.
In terms of the degree of anisometropia, there were marked differences between the overlapping and the nonoverlapping groups in all three classified subjects: outside, intersect, and inside. In the overlapping group, the ratio of subjects increasing or decreasing in the degree of anisometropia in the outside and the intersect subjects was almost 50:50. There was an increase of 46% and a decrease of 50% in the outside subjects and an increase of 50% and a decrease of 50% in the intersect subjects. Subjects with no change made up only 4% of the outside subjects and none of the intersect subjects.
Conversely, in the nonoverlapping group, Ͼ80% of the subjects in both the outside and the intersect groups had an increase in the magnitude of overlap: 82% of the outside and 87% of the intersect subjects. Only 13% of the outside and 10% of the intersect subjects showed a decrease in the magnitude of overlap. Those with no change made up 5% of the outside and 3% of the intersect subjects.
This markedly different tendency in the change of the degree of anisometropia on accommodation between the overlapping group and the nonoverlapping group was also observed in the inside subjects. Of the overlapping group, 33% showed an increase, 20% showed no change, and 47% showed a decrease; and of the nonoverlapping group, 63% showed an increase, 5% showed no change, and 32% showed a decrease. In view of statistics, therefore, Changes of astigmatism between focusing at 5 m and at 0.5 m. Six graphs express the outside, intersect, and inside subjects in horizontal rows and the overlapping and nonoverlapping groups in vertical columns. In each graph, the abscissa and the ordinate express astigmatism value (in diopters) when a fixation target was presented at 5 and 0.5 m, respectively. The positive area shows with-the-rule astigmatism, and the negative area shows against-the-rule astigmatism. The recorded data on the scale of zero indicates no astigmatism. The three percentages from top to bottom in each graph's upper right corner show the percentage of eyes plotted above, on, and below the 45°line, respectively.
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the overlapping groups and the nonoverlapping groups are classified in the different categories in terms of the change of anisometropia with accommodation. Furthermore, the outside subjects and the intersect subjects in the overlapping group may be classified in one category (p ϭ 0.124, 2 test), and those (outside and intersect subjects) in the nonoverlapping group may be classified in another category (p ϭ 0.594, 2 test). However, the inside subjects in the overlapping group and in the nonoverlapping group were statistically different (p Ͻ 0.001, 2 test), and in relation to the outside and intersect subjects, each of them were statistically different (p Ͻ 0.001, 2 test for both the overlapping and nonoverlapping groups).
DISCUSSION
The degree of astigmatism changed with accommodation [15] [16] [17] [18] [19] [20] [21] as shown in Fig. 5 . The results of the most typical subjects in terms of accommodative stimulation are the outside subjects shown at the top of the Fig. 5 , in all of whom all retinal conjugate points before accommodation were far away from the point corresponding to accommodative stimulation (0.5 m in this paper). Roughly two-thirds of them had a change of astigmatism resulting from a stronger accommodative response in the vertical meridian than the horizontal meridian. This brought an increase in with-the-rule astigmatism or a decrease in against-the-rule astigmatism. Roughly one-third of subjects had a change of astigmatism resulting from a stronger accommodative response in the horizontal meridian than in the vertical meridian. This brought an increase of against-therule astigmatism or a decrease of with-the-rule astigmatism. Of course, the data plotted near the 45°line are not definite, perhaps because of technical errors in measurement or due to a fluctuation of accommodative response. However, it seems obvious that astigmatism changes occurred with accommodation in consequence of different refractive changes in different meridians, and many subjects showed greater refractive changes in the vertical meridian.
These trends of astigmatism change with accommodation of the outside subjects are also recognized in the intersect subjects and in the inside subjects. 22 In the inside subjects, in some cases, it appears from observing refraction in only one meridian that the so-called "negative accommodation" 23 occurred. On this point, more investigation is necessary. During observation of the subjects' pupils, many of them slightly changed their size and position on accomodation. 24, 25 It is well known that the optical system of the human eyeball is a noncoaxial system 26, 27 that is recognized by the existence of plural optical axes: visual axis, line of sight, pupillary axis, and fixation axis. 28 This indicates that in the noncoaxial optical system, the change in size and position of the pupil results in a change of an aperture stop in the optical system. The fact that the human lens has a gradient of refractive index 29 -31 may contribute to the dioptric change even when the aperture stop slightly changes its location in the optical system.
The changes in degree of anisometropia with accommodation are shown in Fig. 4 . Contrary to the change of astigmatism, there is a difference between the overlapping groups and the nonoverlapping groups. In the overlapping groups, the change in the degree of anisometropia in terms of increasing or decreasing were almost 50:50 in the outside subjects (Fig. 4 top left) and in the intersect subjects (Fig. 4 middle left) . Even the inside subjects (Fig. 4 bot- tom left) appear close to them. In contrast to the overlapping groups, Ͼ80% of the nonoverlapping groups of the outside and intersect subjects showed an increase in the degree of anisometropia as shown in Fig. 4 top right and middle right. This trend was recognized even in the inside subjects (Fig. 4 bottom) .
The overlapping group subjects obviously have more advantage in binocular function when focusing at far distances (at the 5-m target in this paper) than the nonoverlapping group subjects. Instead, the majority of the nonoverlapping group subjects apparently achieved decreasing anisometropia (approaching isometropia) with accommodation. Even in the approximately two-thirds of the inside subjects of the nonoverlapping group, the effort to focus on the nearer target caused a decrease in anisometropia (an approach to isometropia). The change of anisometropia with accommodation may contribute to the development and maintenance of binocular vision. [32] [33] [34] Referring to anisometropic amblyopia, in the cases that have almost the same anisometropia during the first 2 to 3 years of life, despite the same treatments, some of them contract amblyopia and some do not. In the clinic, we often examine two patients who show different binocular function despite having almost the same other ophthalmic functions. This might result from the difference of the degree of anisometropia with accommodation.
As to the cause of the change of anisometropia with accommodation, referring to our previous investigations, 1-7 the interaction of both eyes on accommodation is markedly suggested. Further clarification of the mechanisms of accommodation requires additional investigation. We should consider accommodation from the point of view of mutual interaction of both eyes.
